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(57) Abstract 



In order to facilitate diffusive transfer of an entity such as a solute between immiscible fluids and subsequent separation of the fluids 
without mixing, method and apparatus are disclosed having first and second fluid flow paths (II. 12) carrying first and second immiscible 
''rids, the flow paths communicating with one another in an interface region (16) in which the fluids contact one another and a stable open 
crface is formed. Diffusive transfer takes place across the interface, and subsequently the fluids flow away from the interface wichout 
fixing. The width of the flow paths in the interface region measured normal to the interface lies between 10 and 500 micrometres. 



FOR THE PURPOSES OF INFORMATION ONLY 
application^? t£ J??* P " V " PCr °" pSgM ° f P an, P hlc,s Publishing iniemational 



AT 


Atucru 


AU 


Auimlu 


BB 


Barbadoi 


BE 


Belgium 


BT 


Burkina Fa*o 


BC 


Bulgaria 


BJ 


Benin 


BR 


Brazil 


BY 


Belarus 


CA 


Canada 


cr 


Cencni African Republic 


cc 


Congo 


CH 


Switzerland 


a 


COcc d'f voire 


CM 


Cameroon 


CN 


Qiina 


cs 


Czechoslovakia 


cz 


Czech Republic 


DE 


Germany 


DK 


Den mart 


£5 


Spain 


n 


Finland 


FR 


France 


CA 


Gabon 



CB 


United Kingdom 


CE 


Georgia 


GN 


Guinea 


CR 


Greece 


HXJ 


Hungary 


IE 


Ireland 


IT 


Italy 


JP 


Japan 


KZ 


Kenya 


KG 


Kyrgywan 


KP 


Democrsuc People'* Republic 




of Korea 


KB 


Republic of Korea 


KZ 


Kazakhstan 


U 


Liechicn*fctn 


LK 


Sri Lanka 


LU 


Luton being 


LV 


Latvia 


MC 


Monaco 


MJD 


Republic of Moldova 


MC 


Madagascar 


ML 


MaJi 


MN 


Mongolia 



MR 


Mauritania 


MW 


Maliwj 


NE 


Niger 


NL 


Ndherlandj 


NO 


Norway 


NZ 


New Zealand 


PL 


Poland 


FT 


Portugal 


RO 


Romania 


RU 


Runun Federal ion 


SO 


Sudan 


SE 


Sweden 


51 


Slorenia 


SK 


Slovakia 


5N 


Senegal 


TV 


Chad 


TC 


Togo 


TJ 


Tajikistan 


TT 


Trinidad and Tobago 


L'A 


Ukraine 


L*S 


Unked Spates of America 


uz 


Uibefcisun 


VN 


Via Nam 



WO 96/12541 



PCT/GB95/02489 



1 



METHOD AND APPARATUS FOR DIFFUSIVE TRANSFER BETWEEN 

IMMISCIBLE FLUIDS 

Field of the Invention 

The present invention relates to a method and apparatus for carrying out a process 
between first and second immiscible fluids, for example solvent extraction from one fluid to 
another. 

PacKgrou"^ Art 

In the chemical industry a common technique for purifying or analysing chemicals is an 
exchange process. Solvent extraction relies upon the preferential transfer of one or more 
components from one phase (fluid) in which the component (solute) is dissolved into a second 
immiscible phase. Usually this is accomplished by physical mixing followed by separation of 
the two phases using gravity. It has been found that the more thoroughly the two phases are 
mixed, the more rapidly the transfer process proceeds by reason of the greater surface area of 
the smaller globules of liquid and reduced diffusion distances within the phases. The time for 
separation of the phases however increases with more thorough mixing, and hence for a 
desired efficiency of solute transfer, the separation time may become unacceptably long, this 
being the principal disadvantage of the process. 

US-A-3,758, 404 discloses the transfer of a component of a liquid into another liquid 
by causing one liquid to flow as a film along the surface of fibre, while causing the other liquid 
to flow into contact with the film. Whilst the method reduces to some extent the problem of 
separation of the two liquids, the liquids are discharged together and it is still necessary to 
perform a subsequent gravitational separation. Further improvements are desirable in terms of 
speed and efficiency of the extraction process and the subsequent separation process. 

FR-A-2 196831 discloses the use of a hydrophobic porous membrane for separating, for 
separating an organic part of an emulsion of organic and aqueous solutions. Pressure is applied 
so that the organic part of the emulsion flows through the pores of the membrane whereas the 
membrane forms a barrier to the aqueous solution. However the separation of an emulsion into 
two pure components is inherently difficult, and the method disclosed can only provide an 
approximate separation. 
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Porous membranes are used in a variety of situations, e.g. blood dialysis, liquid / liquid 
extraction in mixer-settlers, centrifugal extractors, see for example DE-A- 3239290, DE-A- 
2039051 and EP-A-0246061. The problems wiih such systems are in general that the liquids 
are essentially static at the interface with the pores of the membrane creating stagnant regions 
and inefficiencies in the solvent extraction process. In particular, these disadvantages axe 
exhibited in US-A-51 14579, which discloses a membrane situated between two channels, one 
carrying an aqueous solution and the other a hydrocarbon solvent which permeates the 
membrane. 

Summary of the Invention 



It is an object of the present invention to provide a method and means of bringing first 
and second immiscible fluids in contact with one another for interaction, while inhibiting 
physical mixing of the fluids, to permit easy separation of the fluids subsequent to interaction. 

In one aspect, the present invention provides apparatus for carrying out a process 
35 between first and second immiscible fluids, the apparatus comprising first and second flow 
paths for permitting fluid flow of respective first and second immiscible fluids therethrough, 
portions of the flow paths being disposed close to or adjacent one another and communicating 
with one another in a region which is such as to permit the fluids to form a stable open 
interface therein, and wherein at least the first flow path in the interface region has a width 
20 normal to the interface within the range 10 to 500 micrometres. 

For fluid flow paths in the interface region, there are three dimensions of particular 
relevance, namely the length dimension in the direction of fluid flow, the height dimension in 
the plane of the interface and normal to the length dimension, and the width dimension normal 
to the interface. By "normal" is meant perpendicular or orthogonal. 
25 In a further aspect, the present invention provides a method of carrying out a process 

between first and second immiscible fluids, the method comprising: 

1) providing first and second flow paths having portions disposed adjacent to or 
close to one another and communicating with one another in a region in which the fluids can 
contact one another, 

30 2 ) flowing the first and second immiscible fluids through respective said first and 

second flow paths such that, at least in said region, the flow of both fluids is essentially 

laminar, and a stable open interface is formed between the fluids; 

3) permitting significant transfer of a desired entity at said interface berween the 

fluids by diffusive transport within the fluids; and 
35 4 ) flowing the fluids away from the interface region in their respective flow paths 

without mixing of the fluids. 
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Thus in accordance with the invention a speedy and highly efficient method and means 
is provided for carrying out desired processes, since first and second immiscible fluids are 
brought into contact with one another for the carrying out of the process under closely 
controlled conditions, while preventing the rwo fluids from forming a mixture which would 
5 subsequently require separation. 

In the interface region, the flow paths are close to or adjacent one another so that fluid 
flow through the flow paths continually replenishes the fluid at the interface. An arrangement 
where flow at the interface parallel to the interface is prevented or restricted, as for example in 
the pores of a conventional membrane, provides less favourable conditions for interphase 
10 transport as the non flowing fluid held in the membrane pores extends the distance for 
diffusion of the transferring entity. Additionally such stagnant regions can accumulate debris 
. and undesirable products which may interfere with interphase transport. For optimum fluid 
dynamics, tne fluids should be brought together into contact with parallel or non-intersecting 
flow directions: the flow paths may be spaced apart so long as there remains a significant 
15 component of fluid flow at The interface. 

Any type of flow path or channel may be employed so long as it is capable of retaining 
fluid for fluid flow, for example a conduit, pipe, tube, gutter, groove, slit, bore or any other 
type of via or passageway. 

The two immiscible fluids will commonly be liquids, for example an aqueous solution 
20 and an organic solution. However, one or other of fluids may be a gas or a supercritical fluid, 
so long as the two fluids are immiscible with each other. 

Any type of interaction may be envisaged between the two fluids, and although solvent 
extraction has been mentioned, other interactions may take place, for example heat transfer, 
transfer of light energy, and chemical reactions of any nature including titration, and 
25 preconccntration or sampling required for a variety of measurement techniques. These may 
include processes such as electrophoresis and chromatography which may be carried out 
within microengineered or other structures which may^onveniently linked to the apparatus or 
fabricated by similar means, possibly using the same substrate. The apparatus may also be 
employed in biological, biomedical and biocechnical applications, for example where streams 
30 of genetic or other biological material are entrained into fluids and desired exchange, addition, 
or binding processes takes place therebetween. A common feature in many such processes is 
that the rate of interfacial transfer is substantially controlled by the rate of diffusive transfer of 
an entity within each phase to and from the interface. 

Thus, the present invention is based upon the concept of providing a method and 
means by which ( 1 ^4mmiseible, fluids are brought together and rapidly separated without 
having formed a physiHTmixture, and (2) the concentration of one or more components 
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(entities) dissolved or otherwise contained in one or both phases is substantially changed by a 
process involving transfer between phases and diffusive transport in one or more of the phases. 

By "entity" is meant a substance dissolved in one fluid, and also includes heat, electric 
charge and any other component or parameter being capable of transfer between the two fluids 
by diffusive transport mechanisms in the two fluids. 

With the present invention, an interface is defined at which the fluids contact one" 
another under defined conditions so that the interface remains stable despite movement of the 
fluids. Turbulence should not be present at the interface in an amount sufficient to disrupt the 
interface. 

In order to be governed by surface tension, the dimensions of the interface and the 
nature of the interface contact with the surrounding structure have to be considered as will 
become clear hcreinbelow. 

For efficiency of operation, portions of the fluids should remain in contact with one 
another in the interface region for a short time so that throughput of fluids can be maximised. 
The continual renewal of the fluids at the interface has the additional advantages that 
degradative side reactions between the fluids and their dissolved components, such as 
hydrolysis of exrracrant chemicals, is reduced, as is also the accumulation of undesirable 
products at the interface. In accordance with the invention, the fluid portions should desirably 
remain in contact with one another for a period of the order of between 1 and 100 seconds, or 
more generally between 0.1 and 100 seconds. 

So far as concerns processes involving diffusive transfer across the interface, a 
substantial changing of component concentration between the fluids requires that portions of 
the fluids occupy positions in the interface region sufficiently long for diffusion of the required 
component to take place across the interface. As the constraints required to produce a stable 
interface require formation of a laminar flow region adjacent to the interface, transport normal 
to the flow direction is usually by molecular migration processes, most generally diffusive. For 
substantial diffusive transport to occur within a short contact time (of the order of 1 - 100 
seconds), the extent of the dimension for the first fluid orthogonal to the interface through 
which transport occurs is limited to distances of the order of those which may be traversed by 
diffusion of the transferred entity within the contact time. Other forms of transport may also 
take place, for example movement of charged species along an electrical field gradient across 
the interface. 

Thus a principal factor in determining the cross-sectional dimensions of the flow paths 
is the diffusion coefficients of the transferring entity within the first and second fluids. In 
general, the rate of transfer of the entity across the interface will depend on the diffusion 
coefficients of the transferring entity in both fluids. The situation is somewhat analogous to 
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electrical current flow through two series resistors, where the sum resistance has to be 
considered in determining resultant current flow. 

In an extreme case, where the diffusion coefficient for the second fluid is vcryjhigh, 
e.g. a gas, then the rate of diffusion in the second fluid will not be a significant factor, and 
5 essentially only the diffusion coefficient of the first fluid need be considered, and hence only 
the width of the first fluid flow path. At the other extreme, the diffusion coefficient for the 
second fluid may be very low, so that it effecdvely forms a barrier for diffusion across the 
interface, in which case a long lime interval will be required for significant diffusion, the width 
of the second fluid flow path not being a significant factor. ^ 

10 It has been realised that in accordance with the invention, the invention can be 

expressed more precisely making use of a mathematical variable that is known in general 
terms. For systems proceeding towards an equilibrium distribution of material by diffusion the 
progress is a function of diffusion coefficient D, time r, and the geometry and dimensions of 
the system ,which may be represented by a characteristic length /, in the direction of diffusive 

15 transport. It can be shown the evolution of diffusion processes may be described in terms of a 
dimensionless variable D.tff , (see. The Mathematics of Diffusion - J. Crank - Second Edition 
1975, Oxford University Press) 

For significant diffusion to take place in accordance with the invention, there should 
occur transfer of at least 1%, and preferably 50% or more, of the transferable entity which 

20 could be transferred through contact of the fluids for very long periods in the absence of 
degrading side processes. 

In accordance with the invention, if Dtfl 2 >Q.Q1 transfer will generally amount from 
1% to 10% of the maximum at equilibrium, while if Dll? >0J transfer will be of the order of 
50% or more. Thus from the diffusion coefficients of transferring components and the desired 

25 transfer times it is possible to determine the appropriate system dimensions. The diffusion 
coefficients depend on species, medium and temperature, but for small to moderate size 
molecules in liquid media, the value of D tends to be of the order 10* 9 to 10" m s . 
Diffusion coefficients in liquid media for high molecular weight species such as some polymers 
may be substantially lower e.g. 10" 13 m s , while coefficients in gases are generally a few 

30 orders of magnitude higher. As an examgle,^or^rapid (-1 s.) substantial transfer (-50%) of 
species with diffusion coefficients -10 m s , the appropriate length / for the dimension 
normal to the interfluid interface should be given approximately by substituting the relevant 
values for D and t into Dtif , and equating the expression to 0.1. This example gives /=32|om, 
though in practice dimensions in the range 10 to 100 jxm may be adequate. It may be seen that 
generally values for appropriate dimensions calculated using the expression as described 
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for rapid and substantial diffusive transfer will yield average values in the 10 to 500 p.m range 
for the width dimension in the structures for carrying out transfer between immiscible fluids. 
The above expression may be rewritten as: 

/ 2 <D.rjr where x is a numerical constant having the values 0.1, 0.01 as set out 
5 above, or 0.005 or more. 

Thus in accordance with a further aspect , the invention provides apparatus for 
carrying out a process of transfer of an entity from a first fluid to a second fluid immiscible 
with the first, the apparatus comprising first and second flow paths for permitting fluid flow of 
respective first and second immiscible fluids therethrough, portions of the flow paths being 
10 disposed adjacent or close to one another and communicating with one another in a region 

which is such as to permit the fluids to form a stable open interface therein , wherein the width 
(/) of the first flow path adjacent said interface region and normal to the interface is given by 
the following inequality: 

l 2 <D.i.x- ] 

15 where D is the diffusion coefficient for the transferring entity in the first fluid, r is a time period 
between 0.1 and 100 seconds for fluid portions occupying a position in the interface region, 
and x is a numerical constant equal to 0.005 or more. 

In a further aspect, the invention provides a method of carrying out a process of 
transferring a diffusive entity from a first fluid to a second fluid immiscible with the first, the 

20 method comprising: 

1) providing first and second flow paths communicating with one another in a region in 
which a fluid interface can be formed; 

2) flowing the first and second fluids through respective said first and second flow 
paths such that, at least in the interface region, the flow of both fluids is essentially laminar and 

25 a stable open interface is formed between the fluids, 

3) wherein at least 1% is transferred of the total amount of said diffusive entity that 
may be transferred in the interface region, the following inequality holding: 

I 2 <D.cjrl 

where D is the diffusion coefficient of the diffusive entity in the first fluid, x is a time 
30 period between 0. 1 and 100 seconds in which a portion of the first fluid occupies a position in 
the interface region, x is a numerical constant equal to 0.005 or more and / is the width of the 
first channel adjaccm said interface region and normal to the interface; and 

4) flowing the fluids away from the interface in their respective flow paths without 
mixing of the fluids. 

j It will be understood that for the purposes of the invention, selection of one fluid as the 

first fluid and the other as the second fluid is entirely arbitrary, and the aforesaid statements 
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apply equally well to the second fluid. It will commonly be the case that diffusive transport in 
both fluids is of significance, in which case selection of width dimensions for both the first and 
second flows will be subject to the same inequality. 

It is within the scope of the invention that one flow path or channel be of such 
dimensions that it effectively forms a static reservoir of fluid for interaction with the fluid 
flowing in the other channel. However where flow is required in either or both channels, the 
channels carrying flow should be dimensioned small enough that essentially laminar flow be 
constrained to take place in the region adjacent to the interface. It is within the scope of the 
invention that a controlled degree of turbulence be introduced into one or both liquids 
provided that the interface between the liquids is not unduly disrupted. Disruption of the 
interface between the fluids by turbulent flows is thus avoided. Where one of the two fluids is 
a gas, it is acceptable for some moderate degree of turbulence to exist within that fluid close to 
the interface. 

The intcrfacial region allows transfer of the species without promoting mixing between 
the two fluids. In most instances it is envisaged that both phases will flow continuously. 
However there may be some situations where it will prove preferential to pulse one or both of 
the phases. 

In systems of two fluid phases, the stability of the interface is limited by pressure 
differentials between the two phases. Such pressure differentials will arise from inexactly 
matched pressure gradients in ihc direction of flow arising from differences in channel 
dimensions and fluid viscosities. The dimensions over which the interface can stably sustain a 
non zero pressure differential are limited by interfacial tension between the two phases, and 
wettability of the channel wall materials by the two phases. It is possible to stabilise the 
interface by cono-ol of the operating dimensions and adjacent solid surfaces. 
25 For stabilising an open interface between fluids, the two channels or channels may 

be formed of different substances (for example glass, silicon, steel, polypropylene, nylon) with 
different wetting properties, or contouring the surfaces in the region of the interface, and in 
particular narrowing the interface to restrict the lateral dimensions of interfluid contact, or by 
using a combination of the factors. By arranging a change of surface type or geometry at or 
within an opening between channels it is possible to pin, or restrict movement of the contact of 
the interfluid interface with solid surfaces so that for a definable interval of pressure 
differential across the interface there is no. or very little movement of that contact. How this 
may practically be achieved will be described more fully below. 

It is possible that the dimensions of the interface be much less than those of the 
channels, for example a narrow slit or slits, or array of apertures piercing a wall between two 
channels running side by side. However it will preferably be the case in accordance with the 
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invention that the width of the interface be the amcas or not less than, say, one twentieth of 
the corresponding dimension of the channel to ensure that as large an interface as possible in 
relation to the amounts of fluid present is available to ensure speedy interaction at the 
interface. 

Various configurations of interface region may be envisaged. For example in one 
preferred embodiment, the channels or flow paths may run side by side over a considerable 
length with the interface extending over the whole or a major pan of that length. In another 
preferred embodiment, the two channels may be disposed in parallel planes and each have a 
zigzag or convoluted configuration. At points where the two channels overly one another, an 
interface is formed so that the desired interaction between the two liquids takes place over a 
number of openings. 

So long as an interface region is formed between the two channels, the two channels 
may run in any direction relative to one another in three dimensions. Thus in a multiple channel 
system, one may envisage a three-dimensional gridlike structure with multiple connections of 
one channel with channels in different planes. 

The first and second channels or flow paths may be formed by assembly or 
superposition of substrates in which features defining passageways for fluids are etched, 
impressed, cut or otherwise formed as grooves, or other structures such as ridges, open sided 
channels or conduits or tubes, extended indentations, gutters, gouges or scratches in the 
surface of a substrate, or as slits or vias through substrate lamina or gaskets enclosed by other 
substrate layers. The substrates may be of plane laminar form, or may be more complex three 
dimensional structures including rods or other prismatic structures inserted or filled into holes 
or bores within and possibly passing through substrate blocks, or formed on the surface of 
substrate blocks, and including threaded rods fitted into such holes or bores where those holes 
and bores may if desired have corresponding threads. Such rods, bores and threaded structures 
may bear such grooves . ridges or other structures as are required to allow an assembly of the 
subunits formation of channels with interfluid contact regions. 

The dimensions of the channels are compatible with microengineering methods: 
suitable methods include chemical etching, elecoroplating, laser machining and the use of 
photo-processable glasses; specific methods are described below . 

Where it is desired to process more than two irnmiscible fluids, various configurations 
may be envisaged for coupling together the various channels. In one arrangement, two 
channels may form an interface region for a first interaction between first and second fluids, 
and downstream of this region a further interface is formed with a third channel for allowing a 
third fluid to interact with the first or second fluid. In another arrangement, three channels may 
form interfaces with each other in a common area so that a desired component can undergo 



WO 96/12541 



PCT/GB95/02489 



successive transports from a First fluid to a third fluid via the second fluid. Any number of 
fluids can in principle be processed in accordance with the invention. 

In an arrangement where a second fluid path carrying a second fluid has fluid paihs on 
opposite sides forming separate interfaces with the first fluid path, then the width of the first 

5 fluid path may be wider than the aforesaid limits, in fact twice as wide, whilst still preserving 
adequate diffusion, since diffusion may take place in the first fluid in two opposite directions 
to the two opposite interfaces. Thus in general, where the second fluid flow path is formed 
such that there exists in the interface region more than one interfacial area between the first 
and second fluids, then the first fluid flow path is such that none of the first fluid flow path lies 

10 further in the interface region than (i) between 10 and 500 micrometres from the closest 
interfacial area , or (ii) a distance (/) determined by the inequality 1 2 <Djjc'I y where the 
symbols have the meaning ascribed as aforesaid.. 

When it is required to process relatively large quantities of liquid or in other 
circumstances of complex processing as explained more fully below, it is possible to employ 

15 large numbers of fluid flow paths forming large numbers of interface regions , each interface 
region being herein termed a process element, so that large numbers of miroscopic quantities 
of fluids may be processed simultaneously. Large numbers of the apparatus according to the 
invention may be manufactured very inexpensively, and it is therefore a practical solution to 
processing large quantities of liquid. 

20 

Accordingly there is provided in a further aspect of the invention, a system for 
processing quantities of first and second immiscible fluids, including a multiplicity of process 
elements, each process element comprising apparatus comprising first and second flow paths 
for permitting fluid flow of respective first and second immiscible fluids therethrough, portions 
25 of the flow paths being disposed close to or adjacent one another and communicating with one 
another in a region which is such as to permit the fluids to form a stable open interface therein, 
and wherein at least the first flow path in the interface region has a width normal to the 
interface either (i)within the range 10 to 500 micrometres, or (ii) a distance (Q determined by 
the inequality I 2 <D.tjc' } , where the symbols have the meaning ascribed as aforesaid. 

30 

In a yet further aspect of the invention, there is provided a method of carrying out a 
process between first and second immiscible fluids, the method comprising: 

1) providing first and second flow paths having portions disposed adjacent to or close 
to one another and communicating with one another in a region in which the fluids can contact 
one another; 
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2) flowing the first and second immiscible fluids through respective said first and 
second flow paths such that, at least in said region, the flow of both fluids is essentially 
laminar, and a stable open interface is formed between the fluids; 

3) permitting significant transfer of a desired entity at said interface berween the two 

5 fluids; 

4) flowing the fluids away from the interface region in their respective flow paths 
without mixing of the fluids; and 

5) wherein said interface region forms a single process element, and providing a 
multiplicity of such process elements which enable simultaneous processing of the fluids within 

10 each process element. 

Brief Description of the Dnwinps 

15 Preferred embodiments of the invention will now be described with reference to the 

drawings wherein 

Figures la and lb arc schematic plan views of a first embodiment, with Figure lb 
showing cross sectional views of channels at lines A-A and B-B of Figure la; 
20 Figure 2a and 2b are schematic plan views of a second embodiment of the invention, 

with Figure 2b showing cross sectional views of channels at lines A-A and B-B of Figure 2a; 

Figures 3a and 3b are schematic plan view of a third embodiment of the invention; with 
Figure 3b showing cross sectional views of channels at lines A-A and B-B of Figure 3a; 

Figure 4 to 6 arc schematic views of arrangements for fixing the position of the liquid 
25 interface at a desired position between the channels; 

Figure 7 is a diagram illustrating the method for forming the embodiments described 

above; 

Figures Ha and 8b are diagrammatic perspective and sectional views of of a fourth 
embodiment of the invention; 
30 Figures 9a and 9b are schematic plan views of a fifth embodiment of the invention, 

with Figure 9b showing cross sectional views of channels at lines A- A and B-B of Figure 9a; 

Figure 10 is a schematic view of a sixth embodiment of the invention, incorporating 
electrode structures; 

Figures 1 la to I If are schematic views of embodiments involving multiple channels 
35 and interface regions: 

Figure 12 shows a further embodiment of the invention involving two channels with 
multiple interface regions ; 
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Fieure 13 is a schematic diagram of a further embodiment of the invention employing a 
multiplicity of process elements in a scries/ parallel configuration, with Figure 13a showing 
fluid flow paths in separate substrates and Figure 13b showing the substrates and flow paths 
superimposed to form process elements; and 

Figure 14 is a schematic diagram of an exploded perspective view of a final 
embodiment of the invention employing a multiplicity of process elements in a parallel flow 
arrangement. 

Description of the Preferred Embodiments 



Referring now to the first preferred embodiment of the invention shown in Figure 1, 
there is shown a first channel 1 1 and a second channel 12 formed in a silicon substrate 13. 
The upper surface of the channels is closed by a glass plate 14 which is bonded to the silicon 

15 substrate 13. As shown, the channels have curved converging inflow regions 15, extend 
parallel and adjacent to one another in a contact region 16 which has a length of about 500 
microns, and have curved diverging outflow regions 17. In the contact region 16, the dividing 
wall between the channels is removed so lhat the cross section is, as shown in Figure lb, a 
simple rectangle with a width of 200 microns and a height of 100 microns, whereas the cross 

20 sections of the channels in the converging and diverging regions are square, having a width of 
100 microns and a height of 100 microns. 

In use, a first liquid flowing under conditions of laminar flow through the first channel 
1 1 is brought into contact with an immiscible fluid flowing under conditions of laminar flow in 
second channel 12. A stable open interface is formed between the two liquids in the contact 

25 region 16 provides a means by which a diffusive process takes place, for example mass 
transfer (solvent extraction) of solute from one liquid to the other.The conditions are such that 
at least 1% of the solute present in the one liquid diffuses across the interface to the other 
liquid. The liquids subsequently flow away from the interface region , without mixing, in 
outflow regions 17. 

30 Referring now to Figure 2, the second embodiment is similar to Figure 1 and similar 

pans are denoted by similar reference numerals. However, the cross-sections of the channels 
are modified to approximate semicircular recesses with a width of 100 micrometres and a 
depth of 50 micrometres. Contact region 16 is modified in that it has the cross section 
indicated in Figure 2b with a central ridge 18, the cross section being curved with two minima 

35 19 at a depth of 50 microns below the surface of the substrate and 50 microns in from the 
walls of the contact region, and a central maximum at ridge 18, 25 microns above the minima- 
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With this variation in cross section, as more fully described below, the interface stability is 
improved in the contact region so as 10 ensure that condidons for stable contact between the 
two fluids can be set up without physical mixing of the first and second fluids. 

In the embodiments of Figure 1 and Figure 2, the interface length is shown as 500 
micrometres. However, it can be greater than this, as long as 1mm or even up to 2cm in order 
to create an adequate contact time between the two liquids. 

Where immiscible fluids are to be brought into contact and then separated, it is 
necessary that the geometry of the fluids and the interface be constrained. It is a 
commonplace observation that where layer thicknesses are sufficiendy large, of the order of 
centimetres, then fluid phase geometries and interface position is generally dominated by 
gravitational body forces, with the less dense fluid overlying the more dense, and the plane of 
the interface being substantially at right angles to the direction of the gravitational field. For 
the range of density differences and interfacial tensions conventionally accessible for 
immiscible fluids, including liquid/gas systems, the surface tension effects tend to become 
dominant for dimensions below a few millimetres, and are substantially controlling for the 
layer thicknesses in the 10 to 500 micrometre range of interest for application of the present 
invention. Thus for the layer dimensions appropriate for rapid diffusive transport, the inter- 
fluid interface position is largely controlled by surface tension effects such as interfacial 
tension and contact angles. Employing these effects to achieve desired interface positions 
requires the use of selected structures and dimensions, and of materials with selected contact 
angle ranges. Pinning interface position may be achieved by provision of constrictions, and by 
changes in contact angle and by combinations of these factors. 

In order for fluids to now it is necessary to provide pressure gradients through the 
fluid paths, and it is inevitable that some pressure differentials arise across the interface. It is 
desirable to allow interface curvature to develop to support such pressure differentials as will 
arise during their use without excessive occlusion of the pathway for one fluid by another, and. 
without formation of droplets or bubbles of one fluid within another. This may be achieved by 
means of constrictions and/ or material surface changes as described below. 

As the two solvents employed may often be water and a hydrocarbon solvent, it is 
possible to stabilise the interfacial region by forming one channel from material with a 
hydrophobic surface, and the other from a material with a hydrophiiic surface, or by coating 
one channel with a hydrophobic layer and the other with a hydrophiiic layer. The flow of 
water will then naturally tend to be confined to the hydrophiiic side of the contact region, and 
that of the hydrocarbon solvent ,io the hydrophobic side. 
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Referring now to Figure 3, the third embodiment is similar to the first and second 
embodiments in many respects and similar parts are denoted by similar reference numerals. A 
major difference is that a first channel 31 is formed in a lower silicon substrate 13 and has 
coated on its inner surface a coating 32 of a hydrophobic material. A second channel 33 is 
5 formed in an upper glass substrate 34 and its surface is naturally hydrophilic. As can be seen 
in Figure 3b, in the contact region 16, the first and second channels are superimposed one 
above the other so that the interface region extends horizontally therebetween. Each channel 
is shown as a simple rectangle 50 micrometres square, but may in another example be 
hemispherical. 

10 The conditions existing at the interface region of Figure 3 are shown more precisely in 

Figure 4 which represents a cross-section through the interface 40 of two liquids 42, 44 
flowing perpendicular to the plane of the paper and confined by parallel walls 46, 48 separated 
by a distance d sufficiently short that the influence of gravity may be neglected, as stated 
above, where the wall material or surface 47, 49 is different either side of the desired interface 

15 position. In Figure 4, the two liquids have pressures Pi and ?2 respectively, and the interface 
40 has a radius of curvature r. The difference in pressure AP= (P1-P2) is inversely 
proportional to the radius of curvature and for an interface between the two liquids which is 
elongated in the direction of flow can be represented as:- 

AP = 7/r, where 7 is the interfacial tension for the two fluids. 

20 In addition it may be shown (as stated above the influence of gravity may be neglected) 

that the condition for a static interface between the two fluids confined between walls at 
separation d, and where the equilibrium contact angle between the fluid interface and the wall 
material is 6, is as follows:- 
AP = 7d/(2 cos 9) 

25 Thus a single value only of pressure differential A P exists for which the interface will 

be immobile if the wall separation d and contact angle 9 are fixed at single values. Under such 
conditions it becomes very difficult to fix the interface position at any desired location. In 
practice hysteresis in the value of the contact angle for real systems can tend to cause the 
interface to become fixed in position, though not generally where most desired. 

30 In Figure 4, the equilibrium contact angles for the two fluids with surfaces 47 and 49 

are represented by 9a and 9b- Between surfaces of material 46 (left of interface position 
shown in Figure 4), an interface will move unless the pressure differential is APa = 7d/(2 cos 9 
A). Similar between surface of material 49 an interface will be mobile for all pressure 
differentials except APb = 7d/(2 cos 9b). However at the junction between materials 47 and 

35 49, there will be a change in contact angle, so that an interval of contact angle and pressure 
differentials will exist for which the interface to solid surface contact position will not change. 
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This pinning condition will be met while ihe contact angle at the junction of surface types 9 j 
lies between 9a and 9fl which corresponds to a finite pressure differential interval. Thus a 
pinned interface will exist while the pressure differential across the interface P] - P 2 satisfies 
the expression:- 

AP A <(Pi-P2)<APb, 

Similarly referring to Figure 5 which represents a cross-section through a junction 
between two channels 50, 52 of different widths d A , d B where all walls are taken as being the 
same material and the equilibrium contact angle 9 does not vary, pressure differentials APAand 
APb of fluids 54, 56 in respective channels 52, 50 denote the single values for immobility in 
the wide and narrow sections. At the entry 57 to the narrow section a pressure interval for 
pinning exists given by: 

AP A = yd A /(2 cos 9) <(Pj - P 2 ) < AP B = 7dB/(2 cos 9) 

For structures formed as indicated in Figure 2 and shown enlarged as in Figure 6 
stabilisation is achieved by the narrowing of the interface as indicated but as the interface 
narrowing is not so abrupt as for Figure 5, there will be some small movement of the interface 
with pressure variation within the stable boundaries. 

Referring now ro Figure 7 there is shown a method of forming the channel structures 
shown in Figures 2 and 6. In an initial stage A. a silicon substrate 70. 1mm thick is provided. 
In step B a silicon oxynitride film 72 is grown on both sides of the substrate. In step C a 
photoresist layer 74 is deposited onto the upper surface of the substrate by a spinning process. 
In step D. a desired pattern is developed on the photoresist layer 74 by means of a 
photolithographic process with a positive resist in order to provide the basic channel 
configuration as indicated by gups 76 10 micrometres wide with a 50 micrometre spacing.. 

In step E the silicon oxynitride film 72 is etched as at 77 by plasma etching in order to 
define the channel positions, and in step F the photoresist layer 74 is removed, leaving etched 
grooves in the silicon oxynitride film of 10 micrometres width, with a 50 micrometre spacing 
therebetween, as illustrated in Figure 7a which is a plan view of the structure of F. 

As indicated in step G, an isotropic etching process etches away the silicon in gaps 76 
so as to create ever widening recesses in the silicon substrate (as indicated in dotted lines), 
which eventually meet at a central point 78. The etching process continues until as indicated 
in step H a central meeting point 78 is reached at a predetermined distance beneath the 
substrate upper surface. This structure is then as illustrated in Figure 2 and Figure 6. 

In step [. a glass cover plate 80 is anodically bonded to the surface of the substrate by a 
known process involving heat, pressure and a high voltage. 
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Referring now to Figure 8 a further embodiment of the invention is shown. The 
embodiment comprises a metal block 100 having a tubular bore 101 therein in which is 
inserted a mating tubular glass rod 102. The bore 101 has an axially extending recess 103 in 
its periphery which forms a first fluid flow path. The rod 102 has a similarly shaped recess 
5 104 in its periphery which forms a second fluid flow path. As shown in Figure 8b when the 
rod is inserted in the bore, the two fluid flow paths define a common interface region 105. As 
shown the two flow paths are offset from one another so that the interface region extends only 
over one half the width of the fluid flow paths. This method of forming an interface region 
105 which is narrower than that of either of the channels is a simple method of forming the 

10 interface region since it depends merely on a geometric displacement of the fluid flow paths, 
rather than engineering a constriction at the interface region. 

Various modifications are possible to the embodiment shown in Figure 8. For example 
the recesses 103. 104 can be formed as screw threads extending around the surfaces of che rod 
and bore. Alternatively, a multiplicity of axially extending rcctsscs can be formed in both the 

15 rod and the bore, and the rod and bore may be of cross-sections other than the circular farm 
shown in Figure 8. 

Referring now to the embodiment shown in Figure 9a and 9b, a first fluid flow path 
111 is formed in a silicon substrate 112 and has on its inner surface a coating 113 of a 
hydrophobic substance. An upper glass substrate 114 has second and third fluid flow channels 

20 115, 3 16 formed Lherein as semicircular recesses. As shown in Figure 9a, flow path 111 is a 
straight line whereas second and third flow paths 1 15, 1 16 have converging inflow regions 1 17 
and diverging outflow regions 118. In a central contactor region 1 19 all three flow paths axe 
parallel to one another and as shown in Figure 9b, second and third flow paths 115, 116 
partially overlap first flow path 1 13 and define first and second interface regions 120 and 121. 

25 Second and third paths 1 15, 1 16 are separated by a land area 122 which has on its surface a 
hydrophobic coating 123. 

Thus it will be appreciated that this embodiment provides a method of bringing 
immiscible fluids into contact with one another for diffusive transport berween the three fluids 
in the two interface regions 120, 121. The offset arrangement of the flow paths 115, ll6from 

30 flow path 111 in the central contactor region provides a simple method of geometrically 
determining the width of the interface regions 120, 121. 

A specific example of a method and apparatus in accordance with the invention will 
now be given: 

35 
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EXAMPLE 



5 Geometry of apparatus: A glass layer is bonded to the surface of a silicon sheet Etched fluid 
flow shannels in the facing surfaces partially overlap to give an interface region. The glass is 
etched and is 88jim x 37|im deep. The silicon channel is 60(im wide and 53pm deep. The 
glass and silicon are arranged so there is an overlap of 28|im between the channels and the 
total length of the interface is 1cm (it is in fact in 4 sections). 

10 

Chemisrry: An organic phase containing Fe(III) in a mixture of 5% (by weight) 
Tributylphosphate and Xylene 95% was flowed in one channel of the contactor and a 3M 
hydrochloric acid flowed in the second channel. Row rates were controlled using hydrostatic 
pressure at the inleis. The flow rate of the organic phase was approximately lec per day and 

15 the aqueous phase approximately half this value. No mixing of the 2 phases was observed. 
Analysis of the aqueous phase flowing out of the glass channel gave an Fe(IEI) concentration 
of 0.035 M. For comparison the TBP/Xylene/Fe(lll) phase was shaken with 3M HCL in the 
ratio of 2: 1 . Analysis of the aqueous phase after the resulting emulsion has separated gave an 
Fe(TII) concentration of 0. 16M. The efficiency of the process in the contactor was therefore 

20 about 22%. 



Referring now to Figure 10, a further embodiment of the invention is shown, wherein 
25 pans similar to those of Figure 1 are denoted by the same reference numeral. Channels 1 1,12 
have respective input ports 130,131 and output pons 132,133. Adjacent each port are 
disposed three electrodes a ; b. c coupled by leads 134 to terminal pads 136. The electrodes, 
leads and terminal pads are formed by depositing metal film on the surface of the substrate 13, 
electrodes a, b being formed by the deposition of platinum and electrode c being formed by the 
30 deposition of iridium. In this geometry the conductivity of the solution is determined by the 
pairs of platinum electrodes a.b whereas the iridium electrodes c are used to determine the 
local pH by measuring potential relative to a reference electrode (not shown). The platinum 
electrodes a,b can be used to measure the potential of the solution either relative to that in 
another arm of the contactor or relative co a reference electrode (not shown). The same 
35 electrodes can be used to make amperometric measurement in which the charge required to 
oxidise or reduce a particular species is determined. 

The structures according to the invention may include electrically conducting, 
semiconducting, or iontcally conducting electrode structures or connections which contact the 
40 fluid flow.v These may be for sensing or monitoring purposes, or for affecting or adjusting 
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parameters which concrol the function of the contactors e.g. redox conditions affecting 
partition coefficients. A variety of processes involving . electrodes and/or conducting 
connections are indicated below. 

Electrodes or conducting connections may be formed and defined as wires, films or 

5 channels on or through nonconducting materials which may form the channel walls or 
substrates in which the flow paths are formed, or may be pan of the substrate materials in 
which the flow paths are formed, or be largely continuous coatings on such substrate 
materials. Electrodes or conducting connections may be formed and make contact with the 
flow paths remotely from the openings in which inter-fluid contact is established, including 

10 connections to the fluids via such entry ports of manifolds as are used to introduce or remove 
the fluids from the contactors, and within channels between such pons and the interface 
regions. Similarly electrodes or conducting connections may also be formed or positioned in 
the regions of the flow paths adjacent to, or contacting the inter-fluid interface. 

Electrodes or groups of electrodes or conducting connections to the flow paths may be 

15 used for sensing the presence of flows and flow rates by various means including conductivity 
of solutions between electrodes, screaming potentials, and monitoring and/or generating pulses 
of species within the flows, such as oxidised or reduced ions, bubbles, or particulates including 
biological cells. 

Electrodes or groups of electrodes or conducting connections to the flow paths may be 

20 used for sensing and monitoring the presence of various species within the flows by measuring 
solution conductivity, redox potentials, pH and other concentration related potentials, or by 
carrying out amperometric measurements with or without potential sweeps or steps. The 
numbers and dimensions of inhomogeneities, including particulates, within the flows may be 
obtained from measurements of changes in conduction between electrodes with time. 

25 Electrodes or groups of electrodes or conducting connections to the flow paths may be 

used for affecting the flow rates down the fine flow channels by electro-osmotic and related 
electro-kinetic effects. Fluxes or pulses of ions to or from the interface regions may be 
produced or modified by electrophoresis employing such electrodes or connections. 

Electrodes contacting fluids in the flow paths may be used to change the redox 

30 conditions within flows by electro-reduction or electro-oxidation of species, e.g. converting 
between Fe 2+ and Fe 3+ , thus altering the concentration of species in the fluids and partition 
between immiscible fluids. Electrodes and conducting connections may be used to allow 
electrical fields to be applied up to and across an interface region, thereby aid or impede 
transpon to and from the interface, and transpon across the interface of selected entities, 

35 especially ionic species. 
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The interfacial properties of the fluids and solids, including absorption of some species, 
interfacial tension, and contact angles to solid surfaces may be modified by applied fields or by 
redox conditions. Electrodes or conducting connections may thus be used to modify the 
interfacial tension and contact angle parameters, and thus aitcr the pinning, and position of an 
interface, and hence modify the flow patterns. In the extreme this effect may be used to cause 
one fluid to pass into the channel normally occupied by another, and provide a means for fluid 
switching and the production of segmented flows. 

Further electrical connections to conducting fluids will allow passage of current 
providing local heating modifying temperature dependant parameters of the solutions and the 
surfaces contacted by the solutions. Alternatively resistive electrical connections within or 
contacting the structure of flow paths, but not electrically contacting the fluids, may be used to 
heat sections of the device. Similarly inclusion of connections to suitable semiconductor 
junctions within or contacting the body of the device may be used to heat or cool sections of 
the device. 

Magnetic fields may be applied within a device, and field guides incorporated within the 
device allowing modification to the transport of magnetic materiais or species, including 
species linked to magnetic micro-particles. Flows may be induced or modified by employing 
magneto-hydrodynamic phenomena. 

Optica! interconnects, by guides or optical fibres, may be made to intersect with fluid 
flows adjacent to the interface region or elsewhere. These may be used for species 
identification, sensing, and monitoring, and for the production of species by photo-excitation 
and photochemical reactions. The production of short lived species by photochemical and/or 
electrochemical means close to the interface region may allow their rapid transfer to a second 
fluid for subsequent stabilisation or reaction. 



Referring now to Figures 1 la and 1 lb, an embodiment of the invention is shown 
wherein two outer channels 1 38 carry a first fluid and a third intermediate channel 140 carries 
a second immiscible fluid. In a central interface region 142 (shown in section in Figure 11a), 
third channel 140 communicates on each of two opposite sides of the channel in two interfacial 
areasl44 with first and third channels 1 38.The width of third channel 140 in the interface 
region is 1000 micrometres, whereas that of channels 138 is 500 raicrometres.None of channel 
140 lies further than 500 micrometres from an interfacial area 144. 

Figures I lc and 1 Id are top and side sectional views of an embodiment comprising a 
three dimensional grid structure formed from a rectangular block 150 comprising a multiplicity 
of substrate layers 1 52. First flow paths 154 extend vertically downwardly and each path has 
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a multiplicity of interface regions 156 along its length. Second flow paths 158 extend 
horizontally, with each second flow path having a multiplicity of interface regions 156 along 
its length. The result is a very compact system for treating relatively large amounts of fluid 

Figures J le and 1 If show another three dimensional gridlike structure. Figure 1 le is a 
5 schematic perspective view of two spaced parallel plates 160, 162, each having an array 164, 
166 of apertures formed therein, the apertures in the opposed plates being aligned with each 
other. Figure 1 If is a fragmentary sectional view through the plates, showing the plates having 
contoured surfaces. In use, a first immiscible fluid flows in layers 172, 174 above and below 
plates 160, 162, and a second immiscible liquid flows in a layer 176 between the plaies 160 t 

10 162. By reason of registering apertures 164, 166, the first liquid, under appropriate conditions, 
flows continuously from first layer 172 through the registering apertures to layer 174, forming 
a bubble-like formation 178 which is stable. The outer surface of bubble 178 forms a tubular- 
like interface 180 with rhe second liquid, to enable a process of diffusive transport between the 
two liquids. As regards dimensions, the diameter of apertures 164, 166 is 1000 micrometres or 

15 less, and the spacing between plates 160, 162 is a dimension determined by the nature of the 
liquids, the main objects being to preserve stability of the bubbles 178, while permitting a 
significant amount of diffusive transfer across interfaces 180. The tubular interface 180 may be 
regarded as effectively made up of a large number of elemental interfacial areas, and none of 
the first fluid path in the interface region is further than 500 micrometres from an interfacial 

20 area. 



While Figure 1 1 discloses arrangements for providing a compact system with a very 
large number of interface regions to permit processing of large quantities of liquid, it may be 
25 desired to adapt the embodiments such as described with reference to Figure 1 so that they can 
be employed in an array in which each interface region forms a single process element in the 
array. The are two basic configurations for such an array: 

1. Parallel Systems. The main application for this geometry is in situations where a 
significant output of material is required. Since the yield of a single process clement is likely 

30 to be only of the order of milligrammes or only microgrammes per hour a number of devices in 
parallel will be needed in almost all situations other than for applications in analysis. As well 
as increasing ihe chemical yield of the system parallel systems also open up the possibility of 
redundancy which is desirable in a number of situations. 

2. Series Systems. There arc two main applications here: 

35 i) As a method of stabilising the system .The contact length between the two fluids in 

a process element will be determined by the flow properties of the fluids, the transport 
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properties uf thir various species and the kinetics of the mass transfer reaction. Ln some 
situations it may be impossible to achieve the required length in a single process element so it 
will be necessary to break the interface into a number of sections. In some situations this may 
best be achieved by connecting a number of contactors in series. Furthermore in some 
5 applications significant quantities of a chemical species will be transferred which will result in 
changes in large density and viscosity of the immiscible phases which will, in turn change the 
flow characteristics of the liquids. It may therefore be desirable to split the process into a 
number of stages during each of which the fluid properties will undergo only moderate 
changes. The microcontactor used for each stage can therefore be optimised for a limited 

10 range of fluid properties. 

ii) Sequential processing. In some situations, a number of sequential processes may be 
required. For example after a first extraction say from the aqueous to the organic phase it 
might be desirable to extract some of the transferred species back into a second aqueous 
phase. This could be accomplished using a series of contactors. For another example after a 

15 First extraction from an aqueous to organic phase which may be incomplete, it may be 
desirable to extract again from the aqueous phase with fresh organic phase, and possibly 
repeat this process several times to complete the extraction from the aqueous phase .This 
could be accomplished using a series of contactors. Other situations could include dosing of a 
series of reagents from a series of solutions across immiscible fluid interfaces to for example 

20 change acidity and add indi'&$$rs in a chemical titration process. 

An example of a series system referred to in 2(i) above is shown in Figure 12 wherein a 
first channel 190 has a sinuous configuration and intersects a straight second channel 192 at a 
number of intersection points 1941,1942 .... 194n. Such a structure is formed by having the 

25 first channel 30 in an upper surface of one substrate, and the second channel 192 in the lower 
surface of a substrate, and superimposing the two substrates. The interface between the two 
channels is thus formed as a series of small interface regions each of a rectangular cross- 
section equal to the width of the channels, which is 50 micrometres. Each interface region 
may be regarded as a process element. Such a structure is of use where a less viscous fluid is 

30 to be brought into contact with a more viscous fluid. The more viscous fluid is directed 
through second channel 192 whereas the less viscous fluid, flowing in the sinuous channel can 
maintain the correct pressure differential at each interface region. Thus there will be a 
pressure drop along the length of each channel, and the pressure drop will be greater in the 
more viscous fluid for a given length of channel. Thus by arranging for a greater channel 

35 length between each interface point for the less viscous fluid, the pressure differentials can be 
matched so as to maintain stability throughout the device. 
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Referring now to the embodiment shown in Figure 13, this is an example described in 
2(ii) above of sequential processing in which one liquid phase comes inio contact with several 
flows of che second phase. Channels 202,204 are formed as grooves in the respective surfaces 

5 of two silicon substrates 206,208 us shown in Figure 13a. As shown in Figure 13b, the 

substrates are placed one on top of the other so that the channels 202,204 are superimposed to 
form interface regions as at 210, each interface region forming a process element. It may thus 
be seen that each channel 202, 204 contains a row of series connected process elements in 
which the desired diffusive transfer process can be carried out, with separate streams of fluid 

10 in the other channel 204 or 202. 

The main benefit of this geometry is to ensure a large area of contact between the two 
phases. In this case it is assumed that the composition of each of the two phases is the same 
throughout all channels containing that phase. However in some situations it would be 
advantageous to change the properties of one phase to allow, for example, back extraction. 

15 For example in separation of ferric iron from ferrous iron, ferric iron could be transferred 
from aqueous to organic leaving ferrous iron in the aqueous solution, and then the ferric iron 
may be recovered by back extraction into a second aqueous phase with a change in acidity or 
oxidation state. This would be done by appropriate selection of the fluids in the separate 
channels. 

20 Referring to ihe embodiment shown in Figure 14, this is an example of a parallel system 

described in I. above, and provides an effective means of connecting a large number of 
contactors or process elements 220 together in parallel. It is desirable to connect the process 
elements together in such a manner that they all experience the same pressure drop and 
therefore have the same flow conditions. Furthermore when using fluids containing paniculate 

25 mauer there is some risk of narrow channels becoming blocked, so it is important to design a 
system where any blockage will affect a minimum number of process elements. Process 
elements 220 are fabricated on a multiplicity of flat plates 222 which arc made of metal, glass, 
ceramic, polymer or some other material compatible with the chemical process taking place. 
Each process element 220 comprises first and second fluid flow paths 224. 226 having inlets 

30 228, 230 and outlets 232, 234. In a central interface region 236 T flow paths 224,226 contact 
one another in an interface region in which a stable open interface is formed between the two 
liquids. The configuration is similar to that shown in Figure L The Inlets 228, 230 and oudets 
232, 234 of the contactor are formed as openings which pass right through the plate. In use, 
the plates are stacked together ( they are shown spaced apart for clarity) with the openings 

35 aligned so tha: they form broad conduits 240 oriented approximately perpendicular to the 
planes containing the contactors. The planes are then held together by clamping, adhesive 
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bonding, fusion or ;iny other suitable method which ensures a fluid-tight seal. Although the 
diagram show* only one process element per plate, it is envisaged thai a number of such 
process elements could be fabricated on each plate either by increasing the number of 
openings in the plate or by connecting more than one process element to each opening. 
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CLAIMS 

1. Apparatus for carrying oat a process between first and second immiscible fluids, the 
apparatus comprising first and second flow paths for permitting fluid flow of respective first 

5 and second immiscible fluids therethrough, portions of the flow paths being disposed close to 
or adjacent one another and communicating with one another in a region which is such as to 
permit the fluids to form a stable open interface therein, and wherein at least the first flow path 
in the interface region has a width normal to the interface within the range 10 to 500 
micrometres. 

10 

2. Apparatus according to claim 1 wherein the second fluid flow path has a width normal 
to the interface within the range 10 to 500 micrometres. 

3. Apparatus for carrying out a process of transfer of an entity from a first fluid to a 
15 second fluid immiscible with the first, the apparatus comprising first and second flow paths for 

permitting fluid How or respective first and second immiscible fluids therethrough, portions of 
the channels being disposed adjacent or close to one another and communicating with one 
another in a region which is such as to permit the fluids to form a stable open interface therein, 
wherein the width (/) of at least the first flow path adjacent said interface region and normal to 
20 the interface is determined by the inequality : 
l 2 <D.t.x' J 

where D is the diffusion coefficient of the transferring entity within the first fluid, r is a time 
period between 0.1 and 100 seconds for fluid portions occupying a position in the interface 
region, and .r is a numerical constant having a value of 0.005 or more. 

25 

4. Apparatus according to claim 3 wherein the width (/) of the second flow path adjacent 
said interface region and normal to the interface is determined by the inequality: 

l 2 <D.t.x' ! 

where D is the diffusion coefficient of the transferring entity within the second fluid, t is a time 
30 period between 0.1 and 100 seconds for fluid portions occupying a position in the interface 
region , and x is a numerical constant having a value of 0.005 or more. 

5. Apparatus according to claim 3 or 4 wherein x has the value of 0.01 or more. 
35 6. Apparatus according to claim 3 or 4whercin x has the value of 0. 1 or more. 



WO 96/12541 



24 



PCI7GB95/02489 



7. Apparatus according to any of claims 3 to 6 wherein ihe diffusion coefficient D has a 
value between 10* '3 and lO'^m-s"'. 

8. Apparatus according to claim 7, wherein the diffusion coefficient D has a value 
berween 10* 11 and lO'^mV 1 . 

9. Apparatus according to any preceding claim wherein the height of the interface region 
in a direction normal to fluid flow is between 5 and 200 micrometres. 

10. Apparatus according to claim 9, wherein the height of the interface region is between 5 
and 30 micrometres. 

11. Apparatus according to any preceding claim, wherein the interface has a height in a 
direction normal to fluid flow equal to or not less than one twentieth of the height dimension 
of the adjacenr flow paths. 

12. Apparatus according to any preceding claim, wherein the surfaces of the first and 
second flow paths are of different materials with different wetting properties in order to fix the 
interface within the opening for a range of pressure differentials berween the First and second 
liquids across the interface. 

13. Apparatus according to any preceding claim, wherein the flow paths surfaces in the 
region of the opening are contoured adjacent to a desired position of the interface to fix the 
interface at that position for a range of pressure differentials across the interface between the 
two fluids. 
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7. Apparatus according to any of claims 3 co 6 wherein the diffusion coefficient D has a 
value between I (H 3 and lO'^m-s' 1 . 

8. Apparatus according to claim 7, wherein the diffusion coefficient D has a value 
5 berween 10" 11 and IQ-^mV 1 . 



9. Apparatus according to any preceding claim wherein the height of the interface region 
in a direction normal to fluid flow is between 5 and 200 micrometres. 

10 10. Apparatus according to claim 9, wherein the height of the interface region is between 5 
and 30 micrometres. 

11. Apparatus according to any preceding claim, wherein the Interface has a height in a 
direction normal lo fluid flow equal to or not less than one twentieth of the height dimension 

15 of the adjacenr flow paths. 

12. Apparatus according to any preceding claim, wherein the surfaces of the first and 
second flow paths are of different materials with different wetting properties in order to fix the 
interface within the opening for a range of pressure differentials berween the first and second 

20 liquids across the interface. 

13. Apparatus according to any preceding claim, wherein the flow paths surfaces in the 
region of the opening arc contoured adjacent to a desired position of the interface to fix the 
interface at (hat position for a range of pressure differentials across the interface between the 

25 two fluids. 

14. Apparatus according to any preceding claim , wherein the first and second flow paths 
are etched or otherwise formed as grooves in the surface of a common substrate, and a plate 
member is secured to the surface of the substrate to define with the grooves the first and 

30 second flow paths. 

15. Apparatus according to any of claims 1 co 13 including first and second substrate 
members having opposed surfaces where the first and second flow paths are formed. 



35 



16. Apparatus according to claim 15 wherein the first flow path is formed as a groove or 
recess in the surface of the first substrate member, and the second flow path is formed as a 
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groove or recess in the surface of the second substrate member, said surfaces being placed 
against one another and said now paths being at least partially superimposed to define the 
interface region. 

5 17. Apparatus according to claim 16 wherein the said grooves or recesses forming the first 
and second flow paths are partially offset from one another to define an interface region of 
smaller dimensions than those of the grooves or recesses. 

18. Apparatus according to claim 15, wherein the first and second substrate members are 
10 disposed parallel lo one another and spaced by a predetermined distance, and include 
respective first and second arrays of apertures, the apertures of the arrays registering with one 
another whereby to define first fluid flow paths extending between registering apertures and a 
second fluid flow path extending between and parallel to the substrate members. 

15 19. Apparatus according to any preceding claim, wherein the second fluid flow path is 
formed such that there exists in the interface region more than one interfacial area between the 
first and second fluids, and wherein the width of the the first fluid flow path in the interface 
region is such that none of the first fluid flow path lies further than (i) between 10 and 500 
micrometres from rhe closest interfacial area . or (ii) a distance (/) determined by the inequality 

20 l 2 <D.t.x' ! ,1'rom the closest interfacial area, where the symbols have the meaning ascribed as 
aforesaid. 

20. Apparatus according to any preceding claim wherein a third flow path is provided for 
carrying a third fluid, and one or more funhcr interface regions are provided for providing 

25 selected interfaces between the first and/or second and/or third fluids. 

21. Apparatus according to claim 20 , wherein the third fluid flow path is subject to the 
same limitations as to dimensions as the first and/or second fluid flow paths. 

30 22. Apparatus according to any preceding claim including electrode means mounted in or 
adjacent the flow paths for sensing, monitoring and/or applying electric, magnetic, or 
electromagnetic fields to one or more fluids. 

23. A system for processing quantities of first and second immiscible fluids, including a 
35 multiplicity of process elements, each process element comprising apparatus as set forth in any 
preceding claim. 
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24. A system according 10 claim 23, including manifold means to deliver fluid to and from 
the inlets and outlets of each process element. 

5 25. A system as claimed in claim 24, in which said process elements are fabricated on a 
series of stacked substrates, the first and second flow paths of each process element 
communicating with fluid pons which extend through the stack. 

26. A system according to claim 23, including a first set of first fluid flow paths and a 
10 second set of second fluid tlow paths, wherein the flow paths of the sets intercommunicate so 

that for a first fluid flow path, there is disposed along its length a series of spaced interface 
regions with second fluid flow paths, and vice versa. 

27. A system according to claim 26. including first and second superimposed substrates, with 
15 the first set of firsr fluid flow paths being formed in the surface of one substrate, and the 

second set of fluid flow paths being disposed in a contacting face of the second substrate. 

28. A system according to claim 28, wherein a second fluid flow path has a zigzag, sinuous 
or convoluted configuration so as to define with a first fluid flow path a series of interface 

20 regions along rhc length of the first fluid flow path. 

29. A method of carrying out a process between first and second immiscible fluids, the 
method comprising: 

1 ) providing first and second flow paths having portions disposed adjacent io or close 
25 to one another and communicating with one another in a region in which the fluids can contact 

one another; 

2) flowing the first and second immiscible fluids through respective said first and 
second How paths such that, at least in said region, the flow of both fluids is essentially 
laminar, and a stable open interface is fanned between the fluids; 

30 3) permitting significant transfer of at least one desired entity at said interface between 

the two fluids: and 

4) flowing the fluids away from the interface region in their respective flow paths 
without mixing of the fluids. 

35 30. A method of carrying out a process of transferring at least one diffusive entity from a 
first fluid to a second fluid immiscible with the first, the method comprising: 
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1 ) providing first and second flow paths communicating with one another in a region in 
which the fluids c;m contact one another; 

2) flowing the first and second fluids through respective said first and second flow 
paths such that, at least in said region, the flow of both fluids is essentially laminar and a stable 

5 open interface is formed between the fluids 

3) wherein at least \ % is transferred of the total amount of a diffusive entity that may 
be transferred from the first fluid across the interface region, the following inequality holding: 

where D is the diffusion coefficient of the diffusive entity in the first fluid, r is a time 
10 period between 0. 1 and 100 seconds in which a portion of the first fluid occupies a position in 
the interface region,'/ is the width of the first flow path adjacent said interface region and 
normal to the interface, and x is a numerical constant having a value of 0.005 or more; and 

4) flowing the fluids away from the interface region in their respective flow paths 
without mixing of the fluids. 

15 

31. A method as claimed in claim 30 wherein for the second fluid and second fluid flow 
path, the following inequality holds: 

t 2 <D.i.x' 1 

where D is the diffusion coefficient of the diffusive entity in the second fluid, and / is the width 
20 of the second flow path adjacent said interface region and normal to the interface. 

32. A method as claimed in claim 30 or 31 wherein the value of x is 0.01 or more. 

33. A method as claimed in claim 30 or 3 1 wherein the value x is 0.1 or more. 

25 

34. A method according to any of claims 30 to 33 wherein the diffusion coefficient D has a 
value between ] ()"'-"* and lO'^m-s"'. 

35. A method according to claim 34 wherein the diffusion coefficient D has a value 
30 between 10** I and KH^m^s"'. 

36. A method according to any of claims 30 to 35 wherein the width of the firs: and/or 
second flow paths in the region of the interface and normal to the interface is between 10 and 
500 micrometres. 
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37. A method according to any of claims 30 to 36, wherein the second flow path is formed 
such that in the interface region, more than one intcrfacial area is formed with the first fluid 
flow path, and wherein the width of the first fluid flow path in the interfacial region is such 
that no pun of the first fluid path is further from an interfacial area than either (i) a distance 
between 10 and 500 micrometres, or (ii) a distance (/) determined by the aforesaid inequality. 

38. A method according to any of claims 29 to 37, including a third fluid flow path and 
providing selected inccrface regions between the first, second and/or third fluid flow paths and 
flowing a third fluid through said third fluid flow path to form selected interfaces between the 
first second, and third fluids for permitting diffusion of at least one selected entity thereacross. 

39. A method as claimed in any of claims 29 to 38 wherein the fluids are selected from 
gases, supercritical fluids and liquids, the selected fluids being mutually immiscible. 

40. A method as claimed in claim 39 wherein the first, second and third fluids are each 
liquid. 

41. A method as claimed in any of claims 29 to claim 40 wherein the first fluid is an 
aqueous liquid solution and the second fluid is an organic liquid, or vice versa. 

42. A method as claimed in claim 41 wherein the process is solvent extraction of at least 
one solute irom rhe aqueous solution to the organic liquid,or vice versa. 

43. A method as claimed in any of claims 29 to 42 wherein one or more fluids are sensed 
or monitored by electrode means in or adjacent the flow paths. 

44. A method as claimed in any of claims 30 ro 45 including applying electric, magnetic, or 
electromagnetic fields to one or more fluids. 

45. A method according to ;my of claims 29 to 44, wherein the height of the interface 
region in a direction normal to fluid flow is between 5 and 200 micrometres. 

46. A method according to claim 45, wherein the height of the firsc-menrioned interface 
region is between 5 and 30 micrometres. 
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47. A method according 10 any of claims 29 to 46, wherein the interface has a height in a 
direction normal to lluid flow equal to or not less than one twentieth of the height dimension 
of the adjacent flow paths. 

5 48. A method according to any of claims 29 to 47, wherein the surfaces of the first and 
second flow paths are of different materials with different wetting properties in order to fix the 
interface within the opening for a range of pressure differentials between the first and second 
liquids across the interlace. 

10 49. A method according to any of claims 29 to 48, wherein the flow path surfaces in the 
region of ihe opening arc contoured adjacent to a desired position of the interface to fix the 
interface at [hat position for a range of pressure differentials across the interface between the 
two fluids. 

15 50. A method according to any of claims 29 to 49 , wherein the first and second flow paths 
are etched or otherwise formed as grooves in the surface of a common substrate, and a plate 
member is secured to the surface of the stibsrrate to define with the grooves the first and 
second flow paths. 

20 51. A method according to any of claims 29 to 49 including first and second substrate 
members having opposed surfaces where the first and second flow paths are formed. 

52. A method according to claim 51, wherein the first flow path is formed as a groove or 
recess in the surface of the first substrate member, and the second flow path is formed as a 

25 groove or recess in the surface of the second substrate member, said surfaces being placed 
against one another and said flow paths being at least partially superimposed to define the 
interface region. 

53. A method according to claim 52. wherein the said grooves or recesses forming the first 
30 and second flow paths arc partially offset from one another to define an interface region of 

smaller dimensions than those of the grooves or recesses. 

54. A method according to any of claims 29 to 53, wherein said region forms a single 
35 process element, and providing a multiplicity of such process elements which enable 

simultaneous processing of the fluids within each process element. 
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55. A method according to claim 54, including manifold means to deliver fluid to and 
from the inlets ;ind outlets of each process element. 

5 56. A method as claimed in claim 55, in which said process elements are fabricated on a 
series of stacked substrates, the first and second flow paths of each process element 
communicating with fluid ports which extend through the stack. 

57. A method according to claim 54 t including a first set of first fluid flow paths and a 
10 second set of second fluid flow paths, wherein the flow paths of the sets intercommunicate so 

that for a first fluid flow path, there is disposed along its length a series of spaced interface 
regions with second fluid flow paths, and vice versa. 

58. A method according to claim 57 ? including first and second superimposed substrates, 
15 with the first set of first fluid flow paths being formed in the surface of one substrate, and the 

second set of fluid flow paths being disposed in a contacting face of the second substrate. 

59. A method according to claim 54, wherein a second fluid flow path has a zigzag, 
sinuous or convoluted configuration so as to define with a first fluid flow path a series of 

20 interface regions along the length of the first fluid flow path. 
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